Abstract. Ultrashort pulsed laser irradiation is used to crystallize 100-nm amorphous-silicon (a-Si) films. The crystallization process is observed by time-resolved pump-and-probe reflection imaging in the range of 0.2 ps to 100 ns. The in-situ images, in conjunction with postprocessed scanning electron microscopy (SEM) and atomic force microscopy (AFM) mapping of the crystallized structure, provide evidence for nonthermal ultra-fast phase transition and subsequent surface-initiated crystallization.
Introduction
Pulsed laser-induced crystallization of thin semiconductor films on amorphous substrates has major applications in the fabrication of thin film transistors ͑TFTs͒ for highdefinition active matrix liquid crystal displays ͑AMLCDs͒. 1 Typically utilized nanosecond pulses crystallize amorphous-silicon ͑a-Si͒ films via a rapid melting and solidification process. The associated energy transfer and phase-change thermodynamics have been studied by a variety of in-situ diagnostics 2 of nanosecond temporal resolution, including time-resolved optical transmission, reflection, multiwavelength emission, and transient electrical conductance measurements. It was found that the crystallized material structure critically depends on the laser fluence ͑i.e., the pulse energy per unit surface area͒ and the melt quench rate that is determined by the heat loss to the substrate.
The melt-mediated crystallization is contrasted with plasma annealing. Femtosecond laser excitation of semiconductors is assumed to initiate ultrafast phase transition via the plasma annealing mechanism. 3, 4 A high level of electronic excitation can severely weaken interatomic bonds so that ''cold'' atomic motion can lead to disordering of the lattice. The ultrafast transition caused by the highdensity electron hole plasma inherently carries no conventional molten phase. Investigations utilizing femtosecond time-resolved optical microscopy and reflectivity measurements [5] [6] [7] suggested existence of a liquid layer whose properties and transient behavior differ from normal thermal melting. Experiments [8] [9] [10] and theoretical studies [11] [12] [13] showed distortion of the silicon diamond lattice structure that is related to lattice instability in the time scale of hundreds of femtoseconds following the ultrashort pulsed laser irradiation. Electronic excitation effects were suggested as the likely cause for the enhanced crystallization of amorphous GeSb films by laser pulses shorter than 800 fs.
14 Rearrangement in atomic scale can be studied by probing with hard x-ray femtosecond pulses. Structural dynamics in femtosecond temporal resolution can then be measured, since the x-ray wavelength is comparable to the interatomic distance. Recently, solid evidence for nonthermal melting was achieved by femtosecond time-resolved x-ray probing. 15 Depletion of x-ray diffraction images at the irradiated areas signifies disordering of the crystal structure, while a nonthermal liquid layer is assumed to form homogeneously at laser fluences exceeding the respective transition threshold.
In this work, theoretical background on the laser interaction with a-Si film and the crystallization process is presented in Sec. 2. The experimental description follows in Sec. 3. Experimental results interrogating the phase transition process with time-resolved imaging in conjunction with postprocessing atomic force microscopy and scanning electron microscopy ͑AFM/SEM͒ measurements are given in Sec. 4. An optimal fluence for crystallization is identified.
Theoretical Consideration
Laser light first interacts with the electronic system during irradiation. Electrons absorb photons being excited into the higher energy band and leaving holes in the lower energy band dominantly by linear absorption and a two-photon absorption mechanism. Excited electron-hole pairs then thermalize very rapidly within a few tens of femtoseconds. 16 Ignoring intraband relaxation, recombination, and diffusion ͑this can be justified, since these processes are much slower than excitation͒, the conservation equation for energy carriers can be written as follows.
where R is the reflectivity ͑0.35͒, 17 ␣ is the linear absorption coefficient ͑4/, 2.36ϫ10 4 cm Ϫ1 ) 17 h is the en-ergy quantum of 800-nm wavelength light, ␤ is the two photon absorption coefficient ͑37 cm/GW͒, 18 and I(x,t) is the laser intensity expressed as follows.
where ⌰ is the free-carrier absorption cross section (6 ϫ10 Ϫ17 cm 2 ).
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The electron number density increases with excitation, and has peak value at the time around when the intensity is maximized. The density extends over 10 22 cm Ϫ3 for all fluences, as indicated in Fig. 1 . This density is at the lower limit of lattice instability.
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The Drude expression for the complex refractive index is introduced to estimate the transient reflectivity and predict the subpicosecond response of the a-Si film.
where is the angular frequency of the probe light, d is the damping time, a-Si is the dielectric constant of solid amorphous silicon (13.4ϩi18.9), 17 and p is the plasma frequency expressed as follows.
where m e is the electron rest mass, and m* is the ratio of electron effective mass to the mass at rest, taken as 0.18. The damping time is chosen at 1 fs, considering a high carrier-carrier collision rate. 21 The calculated surface reflectivity is plotted in Fig. 2 . Lattice disorder is triggered beyond 10 22 cm Ϫ3 as the reflectivity approaches that of liquid silicon (Rϭ0.72 at the 400-nm probing laser light wavelength 22 ͒. When solid matter is heated past the melting point and subjected to a quenching process, heterogeneous nucleation is usually initiated at local defects and is followed by solidification and crystallization. Accordingly, nanosecond pulsed laser crystallization of a-Si films for the production of p-Si TFTs works via a thermally driven and meltmediated phase transformation sequence. 23 The experimental results presented in the subsequent section show that the ultrafast phase transition imparted by femtosecond laser radiation and the ensuing thermal melting lead to crystallization of a-Si.
Experiment
The objective of the present work is to identify and investigate the fundamental mechanisms of phase transformations in amorphous solid matter at extremely fast rates. To accomplish this, 100-nm-thick amorphous-silicon ͑a-Si͒ films deposited by low-pressure chemical-vapor deposition ͑LPCVD͒ on quartz substrates were subjected to ultrafast laser pulses of full-width half-maximum ͑FWHM͒ duration of about 90 fs. The pulses were delivered at wavelength ϭ800 nm, maximum energy of 1 mJ, and repetition rate of 1 kHz by a solid-state laser-pumped Ti:Al 2 O 3 femtosecond oscillator seeding a regenerative amplifier. Scanning electron microscopy ͑SEM͒ as well as atomic force micros- Fig. 3 Schematic diagram of the experimental setup. NLC is the nonlinear crystal, DM is the dichroic mirror, PBS is the polarizing beamsplitter, /4 is the quarter wave plate, M is the mirror, L is the lens. The solid line is a pump beam (ϭ800 nm) and the dotted line is a probe beam (ϭ400 nm). copy ͑AFM͒ observation of the resulting material revealed recrystallization to a polycrystalline ͑p-Si͒ structure.
The dynamics of the rapid phase transformation are probed by ultrafast pump-and-probe imaging and reflectivity measurement. A schematic illustration of the experiment setup is given in Fig. 3 . The first high-energy pump beam intercepts the sample surface at normal incidence. The energy is calibrated by using a precise energy meter. The average pulse energy was taken over 50 shots, with the deviation falling within 1% of the mean value. Focal spot size is determined by a knife-edge experiment. A second, lower power beam is split off the main beam, frequencydoubled to ϭ400 nm, and also directed at normal incidence onto the sample surface. The reflected probe beam is routed through various optical components to finally relay the image via a narrow bandpass interference filter centered at 400 nm to a CCD camera. The camera is connected to a digital image acquisition board of a personal computer. The acquired digitized image was then processed by software to extract the grayscale intensity distribution.
The time delay between the main ͑pump͒ beam and the probe beam is adjusted by a precision translation stage for time delays shorter than 200 ps. To acquire images beyond 1 ns, the probe beam was guided through an optical fiber of variable length that was inserted between the nonlinear crystal ͑NLC͒ and mirror 2 ͑M2͒. This scheme allows extension of the time delay from a minimum of about 100 fs to the nanosecond regime. Beam coupling into the fiber optical component is critical for obtaining the smooth Gaussian profile shown in Fig. 4 .
Results and Discussions
As discussed in Sec. 2, the lattice instability driven by highdensity electron-hole plasma could be one mechanism for phase transformation. This plasma annealing mechanism is also detected via loss of the second harmonic generation 
͑SHG͒.
8 A short-lived, nonthermal phase was detected in the subpicosecond time scale with reflectivity comparable to the liquid phase reflectivity. 10, 24 A clear distinction of the transition between the ultrafast liquid phase and the electron-hole plasma state is difficult. Nevertheless, it is certainly true that the classical model of crystallization mediated by thermal melting cannot satisfactorily explain the subpicosecond rapid phase transition.
Images taken at different temporal delays are shown in Fig. 5 . The initial bright images ͑0.2 to 1 ps͒ shown in Fig.  5 are ascribed to the nonthermal phase-change process. The normalized reflectivity in Fig. 6 is defined as R norm ϭR trans /R ref , where R trans is the reflectivity response to the pump beam excitation, and R ref represents the reference reflectivity of the pristine surface. The absolute reflectivity at early times is 0.66 to 0.71 by considering the normalincidence reflectivity of the a-Si surface at 400 nm ͑0.47
16 ͒, i.e., close to the reflectivity of liquid silicon at 400 nm. On the other hand, the predicted reflectivity on the basis of Eqs. ͑1͒ through ͑4͒ varies from 0.55 to 0.6 over the area irradiated by the Gaussian laser intensity distribution. The calculated reflectivity as a function of fluence at 400 fs is shown in Fig. 7 . It is noted that the reflectivity at the early stage is constant through the cross section, implying that the reflectivity has no fluence ͑0 to 0.24 J/cm 2 in A-AЈ) dependence during the ultrafast phase change ͑up to a few picoseconds͒, thus meaning that the change might have occurred not only by electronic effects but also by lattice redistribution ͑see Figs. 1, 2, and 7 for reflectivity dependence on fluence͒.
Time-resolved x-ray diffraction probing experiments indicated that phase transitions excited at near-threshold fluence follow a thermal path. 15 This situation holds in the outskirts of the irradiated area where the local fluence drops according to the Gaussian beam profile. In contrast, a rapid homogeneous phase transformation emerges within the first picosecond, as shown in Fig. 5 . It should be noted, however, that thermal melting can also occur in the solid beneath the nonthermally transformed surface layer. 15 The nonthermal phase vanishes after an elapsed time of a few picoseconds. The energy exchange between the electron and lattice systems is converted to phonon vibration by phonon relaxation within 10 ps. 25 The highly nonequilibrium state and defects formed in this process are suggested as the driving forces to subsequent rapid nucleation.
The dramatic reflectivity decrease observed between 50 and 500 ps may be caused by rapidly evolving surface features scattering the incident probe beam light. The reflectivity exhibits an oscillatory behavior from 500 ps to a few nanoseconds. The reflectivity rise to 0.6 at the center of the irradiated spot at tϭ1 ns ͑Fig. 6͒ is consistent with the formation of a very thin thermal melt layer. 7 This thin surface layer solidifies quickly, due to heat loss via conduction. The release of latent heat on the solidification process can then drive a buried melt layer, propagating through the thickness of the film via the so-called explosive crystallization mechanism. 26 The self-sustained explosive crystallization mechanism can contribute to the formation of polycrystals of ϳ50-nm average grain size observed in the SEM image, depicted in Fig. 8 . As shown in the AFM measurement of Fig. 9 , the induced peak surface roughness is about the same as the grain size.
SEM images in Fig. 10 , corresponding to lower (80 mJ/cm 2 ) and higher (150 mJ/cm 2 ) laser energy density, do not show crystallization. Dispersed islands are produced at 80 mJ/cm 2 as shown in Fig. 10͑a͒ . On the other hand, the surface appears only roughened in Fig. 10͑c͒ , possibly due to release of particles from the surface, melt redistribution, and instability at the fluence of 150 mJ/cm 2 . The fluence range for achieving effective crystallization is therefore narrow.
Since the reflection image at tϭ100 ns is close to a steady state (tϭϱ), it is concluded that the crystallization process is essentially completed by that time. It is noted that the absolute reflectivity remains lower than the pristine a-Si reflectivity and consistent with the polysilicon phase.
Summary
Ultrashort laser pulses are utilized to crystallize 100-nmthick a-Si films, which can be a promising building block for fabricating thin film transistors ͑TFTs͒. The optimal laser fluence for crystallization of about 120 mJ/cm 2 yields grains of 50-nm average size. Femtosecond time-resolved pump-and-probe images are acquired to study the ultrafast phase change and crystallization process. Images taken at elapsed times shorter than 1 ps indicate phase transition mediated by a short-lived nonthermal lattice disorder. Defect formation of nucleation sites induced by this ultrafast phase transition, followed by surface melting and explosive crystallization that evolve in the nanosecond temporal scale, are suggested as possible crystallization mechanisms.
As an extension of this study, polycrystalline grain size and growth control by using additional beams and appropriate masks can be done.
